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The kinetics of elemental inter-diffusion in Ag-Cu nanoalloys of 32-34 atoms around 80:20 composition is theoretically investigated by combining analytic-potential and first-principles calculations. An extremely varied behavior is found, with transformation times ranging from tens of nanoseconds to weeks at room temperature in a narrow interval of size and composition, also depending on quantum effects in magic clusters. Alloy nanoparticles (or nanoalloys) represent a research field of great scientific interest 1, 2 and with important applications 3 in catalysis, 4 optics, 5 and magnetism. 6 A recent addition to the field are ligand-protected magic clusters, which are appealing because electronic and structural shell closure combined with a protecting shell of ligands assure them enhanced stability: 7 here, too, bimetallic systems are actively investigated. 8 Specific to nanoalloys, the static and dynamic distribution of chemical elements within the structural framework plays a key role in determining structure/ property relationships. In catalysis, for example, surface segregation and redistribution affect in a decisive way reaction energy barriers and hence kinetics. 9 Experimental monitoring of such phenomena is difficult, because of their transient character and the requirement to achieve atomistic detail, with the additional issue of the influence of the observing apparatus. 10 Theoretical simulations, providing information on mechanistic paths and energetics of diffusion and transport processes, can offer a precious source of insight and fundamental knowledge. The most important among the open questions are: (i) to which extent the greater structural freedom guaranteed by the large surface-to-volume ratio translates into enhanced diffusion (size-dependent spontaneous alloying), 11 (ii) the possibility of kinetically stabilized or in general nonergodic phases; 12 and (iii) how these points are tuned in magic clusters, e.g., if they are easier to synthesize in their optimal chemical ordering. 7 In this letter, we start answering these questions. We select bare Ag-Cu binary clusters around 32-34 atoms and 80:20 composition, and conduct a predictive computational study of self-diffusion kinetics. We determine representative time scales and find that they can span orders of magnitude at room temperature strongly depending upon composition. Moreover, we prove that, under appropriate conditions, quantum (shell closure) effects, rather than enhancing kinetics, on a) Author to whom correspondence should be addressed. Electronic mail:
alessandro.fortunelli@cnr.it the opposite can slow down achievement of the global minimum. We compare with time-of-flight experiments, and show that the present results allow one to rationalize and interpret the experimentally observed phenomenology, and suggests future combined experimental/theoretical investigations. Ag-Cu nanoalloys of 32-34 atoms around 80:20 composition present several reasons of interest: the tendency toward Cu(core)/Ag(shell) ordering which makes them representative of surface-segregated systems, the availability of thorough experiments 13 against which simulations can be validated, and the presence of both magic and non-magic compositions.
14 A metal cluster is termed magic 15 when structural and/or electronic shell closure is achieved, i.e., when a high-symmetry structural motif is completed and/or when an electronic valence shell is completed, and a substantial stabilization energy gain (≈1-2 eV) is associated with magic character. 34-atom Ag-Cu nanoalloys can feature structural and/or electronic shell closure.
14 From a computational point of view, reordering in nanoalloys falls into the theme of activated structural dynamics. Advanced computational approaches must be used to achieve a predictive and unbiased sampling of the potential energy surface as required by the complexity of the problem 16 and the need of covering much longer time scales than in standard Molecular Dynamics (MD) simulations. Here, we use one such method: a Reactive Glocal Optimization (RGO) approach 17 based on an exhaustive cataloguing of local minima and transition states connecting them and corresponding to an incremental exploration of the disconnectivity diagram of the system combined with energy filtering. For each composition, we first locate putative global minima via global optimization, 14 and then predict reordering kinetics starting from meta-stable configurations obtained by switching a AgCu pair (bringing a Cu atom from its optimal position in the core to the surface). The rationale is to start from a nonglobal-minimum arrangement as it can be obtained by an imperfect synthetic procedure, and investigate the time scale of evolution into the global minimum. Clearly, our rates will depend on the choice of such initial structures.
To describe Ag-Cu energetics, we employ a secondmoment-approximation (SMA) tight-binding potential which has been extensively used in the past (same parameters as in Ref. 14) and is expected to be accurate for Ag-Cu except for specific quantum effects such as electronic shell-closure in magic clusters. 18 RGO/SMA uses the OPTIM code 19 for eigenvector-following line searches, and is computationally efficient: a RGO run takes a few days on a 8-node standard workstation for a given composition of the nanoalloys here considered.
After the SMA disconnectivity diagram is reconstructed via RGO, transformation rates are predicted via kinetic Monte Carlo (kMC) 20 simulations, in which transition state theory is used for calculating rates of individual minimum-tominimum pathways. For each composition 1000 kMC runs (with 10 9 maximum number of steps each) are performed, halting the simulation when the putative global minimum is reached. MD runs are conducted using the DL-POLY 2.20 code. 21 In Fig. 1 , we show RGO initial structures and putative global minima for the investigated Ag-Cu compositions. We start from structures exhibiting Ag-Cu single-atom switches with respect to the global minimum, and perform a short (few nanoseconds) MD run before starting the RGO search in order to get into the activated region of the phase space. Five compositions are selected: Ag 27 Cu 5 and Ag 25 Cu 7 , with no electronic nor structural shell closure, Ag 27 Cu 7 , Ag 29 Cu 5 , and Ag 25 Cu 9 , among which Ag 27 Cu 7 is a poly-icosahedral magic cluster with both electronic and structural shell closure and thus possessing a great energetic stability. 14 We start analyzing the mechanisms of elemental rearrangement. Here, usually the dilemma is surface diffusion vs. defect formation, 11 i.e., whether the system first creates vacancies and inter-diffusion is realized as atom/vacancy exchanges or the system exploits the greater structural freedom assured at the surface moving surface atoms preferentially. In our case, we find that the dominant mechanism is surface diffusion via collective moves, i.e., in which several surface atoms move simultaneously, similar in part to 55-atom Ag-Ni. 22 Examples are shown in the supplementary material 23 for Ag 25 Cu 7 and Ag 27 Cu 7 . Rather than Cu moving into the core, Ag surface rearrangements and a collective and cooperative motion of surface Ag "cover" the misplaced Cu. Such global moves have been previously observed at higher temperatures, e.g., in melting simulations. 24, 25 The next interesting point concerns rates: see Fig. 2 , in which the average time needed to reach the putative global minimum is plotted against the inverse of temperature. An Arrhenius behavior can be appreciated. What is most striking and unexpected is the huge spread of rates: at room temperature, for example, the system will equilibrate in tens of nanoseconds for the fastest cluster (Ag 29 Cu 5 ) but it will take minutes for the slowest one (Ag 25 Cu 7 ). These findings can be understood by considering the key role of Ag surface atoms in the rearrangement mechanisms described above, entailing that effective rates inversely scale with the number of Ag atoms. However, modulations to this trend are found, due to subtle effects affecting surface moves, so that enhanced or hindered diffusion eventually depends on specific struc- tural and electronic (see below) features of the nanoclusters. The concept of enhanced diffusion at the nanoscale 11 thus needs to be qualified. Interestingly, our findings may be related with the experimental observation that the glass-forming ability of bulk alloys is a highly non-monotonous function of composition, with peaks and valleys differing by only few percent, 26 although here kinetic trapping at room temperature never exceeds times of the order of 1 h (or weeks at density functional theory (DFT) level, see below): larger systems are needed to observe true glassy behavior. 12 , 26 Also, differences should be underlined between the energy landscape of the realistic nanoalloys here considered and studies using model potentials. In our case: (1) energy plateaus alternate with rugged regions both far from -as in Fig. 3(a) -or close to -as in Fig. 3(b) -the global minimum, and (2) in "structure seeker" systems, 12 in which the global minimum is quickly reached, this is not much lower in energy than the surrounding metastable configurations. These features are thus significantly different from those found in model studies. 12 SMA predictions are finally validated using DFT. For Ag 25 Cu 7 and Ag 27 Cu 7 , Fig. 3 shows the shortest paths (both local minima and transition states) as defined by the Dijskra algorithm 27 for going from initial structures to global minima. Shortest paths provide a synthetic view of mechanistic rearrangements and can be conveniently used to DFT-validate SMA results using only a small set of local minima and transition states. DFT uses the QuantumEspresso package 28 with the Perdew-Burke-Ernzerhof xc-functional, 29 Fig. 3(a) . In the same figure, the values obtained via DFT by locally relaxing minima and using NEB for evaluating barriers are also shown. The agreement between SMA and DFT is excellent, and is particularly impressive in view of the fact that here saddle points are also considered, at variance with usual studies in which only relaxed configurations are compared. In Fig. 3(b) , the SMA shortest path for Ag 27 Cu 7 is reported, and checked via DFT. At variance with the Ag 25 Cu 7 case, here the agreement between SMA and DFT is completely spoilt. This is surprising, also because during DFT geometry optimizations starting from SMA-relaxed configurations no real structural change occurs, whereas the energy differences with respect to the global minimum can differ by as much as 1.0 eV. The reason of this unexpected discrepancy must be sought in electronic, such as shell-closure, effects. 18 Indeed, recalling jellium model, 15 electronic shell closure at N = 34 is only realized by spherical configurations. Both the initial and global minimum structures satisfy this requirement, and thus benefit of a stabilization bonus of ≈0.8-1.0 eV. 18 Intermediate configurations such as structures (2-10) in Fig.  3(b) , on the contrary, are deformed in an oblate fashion, and thus lose the shell-closure energy bonus (see the supplementary material 23 for further information). The overall barrier in the energy profile then increases from ≈0.5 eV (SMA) to ≈1.6 eV (DFT). Clearly, the shortest path may differ between SMA and DFT. To improve the prediction of DFT kinetics, we thus perform a systematic search in which all SMA local minima generated by RGO are first DFT-relaxed and then the most promising (low-energy) ones are connected by DFT NEB calculations. The overall barrier so predicted drops to ≈1.1 eV, entailing a time to reach the global minimum of the order of weeks at room temperature. Electronically shellclosed magic clusters thus do not necessarily reach faster their global minima. On the opposite, if the system ends up in a meta-stable state which share magic features with the global minimum, and is connected to it via paths going through non-magic configurations, the corresponding kinetics can be severely slowed down. When this occurs, part of the stabilization energy associated with a magic composition can be lost by kinetics (here half of the 0.8-1.0 eV shell closure bonus).
We can now attempt a comparison with recent experiments in which bimetallic Ag-Cu nanoclusters have been synthesized using a gas-aggregation source, thermalized at a temperature of about 200-300 K, and systematically massprofiled using time-of-flight mass spectrometry to single out extra-stable magic compositions. 13 One puzzling result in Ref. 13 among several interesting observations is that almost all magic compositions predicted in previous theoretical calculations 14, 18 were found, but not with the expected abundances. Even though these experiments were conducted on negatively charged Ag-Cu nanoalloys entailing a mismatch of one unit between size and valence-electron count, this puzzle can be solved by the present investigation. For example, the Ag 26 Cu 7 global minimum is structurally nearly magic (a 27-7 poly-icosahedron missing one vertex) and, when charged to Ag 26 Cu 7 − , it also possesses electronic shell closure, but the energetic extra-stability associated with this magic character cannot be fully exploited in experiments conducted over a time scale of tens of milliseconds because kinetic barriers constrain the system into higher-energy isomers. Even though fluctuations in temperature due to adatom addition during growth can accelerate kinetics and our simulations refer to a specific choice of atom-switched initial configurations, our finding of large energy barriers ≥1 eV supports a non-ergodicity hypothesis. It would be interesting to repeat these experiments at higher temperatures and in different equilibration conditions, and find the cross-over regime in which the systems start achieving full thermalization within the time scale of the experiment, providing information which can be directly compared with simulations.
In summary, the kinetics of chemical rearrangement in nanoalloys is of great interest as the exploitation of the unique properties of these systems is strictly connected with its control. Here, we investigate this phenomenon in Ag-Cu nanoclusters of 32-34 atoms and 80:20 composition via predictive computational methods. Starting from meta-stable configurations exhibiting single-atom misplacements due, e.g., to imperfect synthesis, atomistic inter-diffusion mechanisms leading to putative global minima are singled out, and associated kinetic rates determined. The latter demonstrate the diversity of behavior that can be expected even in simple cases, with differences of 10-11 orders of magnitude in rates at room temperature in a narrow interval of size and composition, due to rearrangement occurring via collective and strongly cooperative moves related to Ag surface diffusion. Parallels with the highly non-monotonous dependence of glass-forming ability of bulk alloys upon composition 26 can be suggested. Quantum (electronic shell closure) effects can stabilize magic configurations, but this can be detrimental to rearrangement kinetics if the system gets trapped into configurations sharing magic features with the global minimum, but not with the intermediate configurations connecting them. Comparison with gas-phase cluster experiment allows us to explain non-rationalized features of the experimental data. From the present study, it results that the concept of enhanced 11 or hindered 12 diffusion at the nanoscale needs to be revised or at least qualified, with a greater attention to the characteristics of the system under consideration and its structural and electronic features. As a natural perspective, ligand exchange and inter-diffusion in coated magic clusters 31 can be investigated, very promising given the wealth of experimental information accumulating on these well-characterized systems. M.A. and H.B. are indebted to the Research Committee of the University of Tehran and Iran Nanotechnology Initiative Council and their authorities for financial support.
